k This study investigated the Navier-Stokes L d S,W turbulence kinetic energy domain along X-direction normal direction Prandtl number, 0.71 static pressure heat transfer rate circular duct radius bulk Reynolds number, p_U_D/la,_ temperature velocity components Cartisian coordinates cylindrical coordinates dimensionless distance from wall surface, n grid packing parameters turbulence kinetic energy dissipation rate shear stress center-line condition downstream location surface/wall condition transfer computations of the internal duct flows with combined development of hydraulic and thermal entry length.
computations
of the surface heat transfer coefficients of a transition duct flow. A transition duct from an axisymmetric n cross section to a nonaxisymmetric cross section, is usually used to connect the turbine exit to the nozzle. As the gas Pr turbine inlet temperature increases, the transition duct is subjected to the high temperature at the gas turbine exit. p
The transition duct flow has combined development of hydraulic and thermal entry length. The design of the Qw transition duct required accurate surface heat transfer coefficients.
The Navier-Stokes computational method R could be used to predict the surface heat transfer coefficients of a transition duct flow. The Proteus three-Re b dimensional Navier-Stokes numerical computational code was used in this study. The code was first studied for the T computations of the turbulent developing flow properties within a circular duct and a square duct. The code was then U,V,W used to compute the turbulent flow properties ofatransition duct flow. The computational results of the surface pressure, X,Y,Z the skin friction factor, and the surface heat transfer coefficient were described and compared with their values X,r,0 obtained from theoretical analyses or experiments. The comparison showed that the Navier-Stokes computation Y+ could predict approximately the surface heat transfer coefficients of a transition duct flow. The convergence was based on the averaged absolute value of the residual for each conservation equation. The convergence was assumed when the maximum residual was less than 4x10 -6. The boundary conditions and the initial conditions were specified for each internal duct The computation did not require turbulence initial conditions.
Nomenclatures

Square Duct Flow
A sketch of the flow configuration was shown in , the X-direction gradients of the mean velocity components and the mean temperature were zero. They were the boundary conditions. However, a X-direction pressure gradient was imposed at the downstream location (X/D = 80). This pressure gradient was estimated according to the theoretical analysis 17 and the measurements of wall stresses. 18
The Baldwin-Lomax eddy viscosity model and the Chien's k-e turbulence model were studied respectively for the turbulence modeling in the computation.
For the k and e computations, the gradients of k and e were set to zero at the upstream and the downstream boundaries.
Noslip boundary conditions (k = 0 and e = 0) were used at the duct wall surface. Symmetry conditions were used at the planes of symmetry.
Computational
Grids. The grid dimensions were chosen to be 100 along the X-direction, 40 along the Y-direction, and 40 along the Z-direction. The grid generation technique in Ref. 10 was used to pack the grid points at the locations near the duct inlet and the duct wall surface. The grid point spacing along the X, Y, and Z directions were adjusted by specifying the packing parameters _x, 13y and I_z. To study the grid effect on the computation, two different grids were used respectively to perform similar flow computations.
One grid was generated with 13 x = 1.1, _y = _z = 1.0075. The grid points were sparsely distributed at the near wall surface locations (There were 3 grid points in Y+ < 10 at X/D = 80, Z/D = 0.5 and the first grid point from the surface was at Y÷ = 5.57). This grid was used in two similar computations with either the Baldwin-Lomax eddy viscosity formula or the Chien' s k and e equations for turbulence modeling. Another grid was generated with _x = 1.1, and _y = _z = 1.002 to increase the grid points in the near surface region (There were 5 grid points in he initial k and e conditions.
Circular to Rectangular Transition Duct Flow
A sketch of the duct flow configuration was shown in inlet, theduct surface, thesymmetric plans, the duct center line,and thedownstream boundary of thedomain of computation. Theboundary conditions weresimilarto what were previously described forthecircular duct flow computation. A summary of theboundary conditions were described mathematically inthefollowing:
At the inlet location,X/R = -6, dp/dX= 0, U=U, V=0,W=0,and T=T. Attheradial location, 0<r<R,along 0 =0°direction, dp/d0 =0,dU/d0 =0,V =0,dW/d0 =0,and dT/d0 =0.Attheradial location, 0< r <R,along=90°direction, dp/d0 =0,dU/d0 =0,dV/d0 =0,W=0,anddT/d0 =0.Atthelocation withr=0 and 0°<0 <90°,dp/dr =0,dU/dr =0,dv/dr =0,dW/dr =0, and dT/dr =0.Atthelocation withr=R and 0°<0<90°, dp/dn=0,U=0, V=0, W=0, andT=Tw. At the downstream boundary location, X/R=7,p/p_= 0.985, dU/dX=0,dV/dX= 0, dW/dX = 0, and dT/dX = 0.
The downstream static pressure boundary condition (p/p_ = 0.985) was chosen from the experimental results. 1
The purpose of the computation was to predict the surface heat transfer coefficients. Therefore, the surface tempera- 
Square Duct Flow
Existing experiment 18 indicated that a developing turbulent square duct flow was fully developed at X/D-80. For a fully developed square ductflow, analysis 17showed that theaveraged wall shear stress, Yw, and the X-direction pressure gradient were related with dp/dx = -4Yw/D (4)
Based on the experimental results of the averaged shear stress,18 we used Eq. (4) to calculate the X-direction pressure gradient. The pressure gradient had a value of -0.045 lb/ft 2. This pressure gradient value was used as the downstream pressure boundary condition at X/D = 80 for the present computation.
Some computational results of the duct center-line velocity, the skin friction factor and the surface heat transfer coefficient are described in the following.
The Figure 16 showed the center line H values which were calculated with the 2nd grid in the computation. The computed H along the center lines were similar to the results (Fig. 16 ) when the 1st grid was used in the computation.
The experimental results 6 of the center-line heat transfer coefficients were plotted in Figs. 15 and 16 to verify the accuracy of the present heat transfer computation. The heat transfer coefficient of a fully developed turbulent circular duct flow 16 was also indicated in these figures.
The computation predicted very well the experimental heat transfer coefficients at the end of the circular section. 
